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ABSTRACT Nitrogen fixation, nodulation, and organ dry weights of soybean infested
with the larvae of the southern corn rootwonn, Diabrotica undecimpunctata howardi
Barber, were estimated under controlled conditions. Larval southern com rootworm re-
duced the nitrogen-fixing activity of mid-vegetative and early reproductive soybean, Gly-
cine max Merrill. Soybean of both stages responded to the infestation and subsequent
injury by increasing nodulation and organ dry weights of below-ground tissues relative to
above-ground tissues. Infestation increased the dry weight of small nodules on vegetative
plants and caused a 78.6% increase in the total number of nodules on R5 plants. Leaf area
as well as leaf and stem dry weight was reduced in vegetative plants by infestation.
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SOIL-INHABITINGINSECTS [e.g., rootworms, Dia-
brotica spp.; cutworms, family Noctuidae; wire-
worms, family Elateridae; lesser cornstalk borer,
Elasmopalpus lignosellus (Zeller); grape colas-
pis, Colaspis brunnea (F.); white grub, Phyllo-
phaga sp.; bean leaf beetle, Cerotoma trifurcata
(Forster); and the soybean nodule fly, Rivellia
quadrifasciata (Macquart)] commonly infest soy-
bean roots (Dietz et al. 1976). Despite fundamen-
tal differences in their feeding habits, all of these
insects potentially can alter the nitrogen-fixing
activity and productivity of soybean. The bean
leaf beetle and the soybean nodule fly have been
adequately demonstrated to feed upon and sub-
sequently injure nodules of soybean (McConnell
1915, Leonard & Turner 1918, Eastman &
Wuensche 1977, Newsom et al. 1978, Koethe &
Van Duyn 1985, Riley et al. 1987). However,
information concerning the effect of soil insect
root injury on soybean nitrogen fixation and nod-
ulation is generally lacking. In field cage tests,
Riley (1986) showed greater nodule numbers on
plants that were infested with three to seven
bean leaf beetle larvae per 30 cm of row than on
plants that were infested with less than one bean
leaf beetle larva per 30 cm of row. Evidence
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given by Riley et al. (1987) and Riley (1986)
suggested a compensatory growth response by
soybean to root grazing by soil arthropods.
The purpose of this study was to investigate
changes in soybean nodulation, nitrogen fixation,
and organ dry weights caused by root and nodule
injury by larvae of the southern com rootworm,
Diabrotica undecimpunctata howardi Barber, a
common soil pest of soybean in North Carolina.
The southern com rootworm can feed and de-
velop on the root system of soybean (Meinke et
al. 1985) and may occasionally damage nodule
tissue (Turnipseed 1973). Injury caused by this
insect to the root system of soybean is believed
to contribute to yield reductions in soybean
(Dietz et al. 1976), although the economic impact
of this insect has not yet been determined.
Materials and Methods
The effects of larval southern com rootworm
feeding on early vegetative (experiment 1) and
early reproductive (experiment 2) soybean were
examined. Experiments were conducted within
a controlled environment (A chamber) at the
Southeastern Plant Environment Laboratories
on the North Carolina State University campus
in Raleigh. Studies evaluated changes in the or-
gan dry weights, nodulation, and nitrogen fixa-
tion of soybean.
Experiment 1. Fifty soybean seedlings, cv.
'Ransom II', were individually grown in plastic
pots (20 cm diam.) containing a 3:2 mixture of
vermiculite and gravel, respectively. Potted
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seedlings were held in a controlled-environment
chamber and exposed to 26/22°C day/night tem-
peratures and a photoperiod of 9:15 (L:D) h.
Chambers were illuminated by both fluorescent
and incandescent lamps, which together pro-
vided a rhotosynthetic photon flux density of642
~mo1/m /s (Downs & Thomas 1983). Plants were
watered daily with equal amounts of a nitrogen-
free nutrient solution modified from Ahmed &
Evans (1960). All plants were inoculated with
Bradyrhizobium japonicum solution prepared
by suspending 30 g of peat-based rhizobia inoc-
ulant (Nitragin, Milwaukee, WI) in 400 ml of
distilled water. Thirty ml of inoculant was ap-
plied to the potting medium every other day for
3 wk after planting. Eight days after planting, 25
seedlings were each infested with six neonate
southern corn rootworm. The infestation levels
used in this experiment (and experiment 2 dis-
cussed below) represented, we believe, densi-
ties that plants may typically encounter in the
field in North Carolina.
The nitrogen-fixing activity of 12 infested and
12 control plants was estimated at the late V4
(Fehr & Caviness 1977) growth stage (33 dafter
planting) using a destructive acetylene reduction
assay modified from Hardy et al. (1968). Roots
were severed from the plants at soil level, gently
shaken free of loose soil, and individually placed
in quart (==1,000ml) glass jars that were sealed
airtight with a lid containing a rubber septum. A
40-ml aliquot of air was removed from each jar
via a 50-ml syringe, then promptly replaced with
35-ml aliquot of pure (99.8%) acetylene. Roots
and nodules were allowed to incubate in the jar
for 1 h before three gas samples (==1 ml each)
were taken from the jars via a I-ml plastic syringe
and analyzed for acetylene and ethylene content
using a gas chromatograph. Because the assay
prevented any estimation of the endogenous eth-
ylene produced from the physical wounding of
the plant by insects, the assay may have overes-
timated ethylene production due to the nitrogen-
fixing process and, consequently, underesti-
mated any reductions in nitrogen fixation caused
by insect injury to nodules.
On the day of the assay, all 50 plants were
harvested and separated into root plus nodules,
stem, and leaf tissue before being dried and
weighed. Nodules were removed by hand from
the roots of the assayed plants (n = 24), then
separated into small and large sizes by Sifting the
nodules through a 2-mm standard testing sieve
(no. 10, W. S. Tyler, Mentor, OH) before being
counted, dried, and weighed. Many of the small
nodules and all of the large nodules contained
the reddish pigment characteristic of leghemo-
globin, however the small nodules may not have
been fully mature or functional.
Experiment 2. Three uniform soybean seed-
lings, cv. 'Ransom II', were established in each
of 12 pots (21 em diam., 36 cm deep) containing
a 3:2 vermiculite:gravel mixture. Pots were
specially constructed so nitrogen fixation could
be estimated without disturbing the plants
(Schroeder 1989). Plants were inoculated and
cultured under environmental conditions similar
to those of experiment 1. When the plants
reached late vegetative growth (V5 growth stage
[Fehr & Caviness 1977]), one-half (six) of the
pots were each infested with 42 (14 per plant)
neonate southern corn rootworms. The remain-
ing six pots were not infested and served as con-
trols. Two trials were conducted from 3 April to
10 June 1988 (trial 1) and 25 January to 13 May
1989 (trial 2).
In each trial, the nitrogen-fixing activity of
plants grown in three infested and three nonin-
fested pots was estimated weekly for 4 wk from
early to mid-reproductive growth (Rl, R3, R4,
and R5 growth stages) using a nondestructive
acetylene reduction assay (Schroeder 1989). At
the R3 growth stage, plants from three infested
and three noninfested pots that were not used in
the assay were harvested and separated into nod-
ule, root, stem, and leaf tissues before being
dried and weighed. The remaining plants were
harvested at the R5 growth stage. In the second
trial, nodules collected from the harvested plants
were separated into groups of small «2 mm
diam.) and large (~2 mm diam.) sizes as in ex-
periment 1. Nodules within each size group
were counted before being dried and weighed.
Leaf area was estimated on fresh leaves collected
from plants harvested in the second trial by pass-
ing the leaves through a photostatic area meter
(model 3100, Li-Cor, Lincoln, NE).
Statistical Analysis. The statistical test for the
effects of infestation on the nitrogen-fixing activ-
ity of soybean over several growth stages in ex-
periment 2 was performed as a repeated mea-
sures design with trial included as a main effect
variable. All other data from both trials in exper-
iment 2 were combined for each growth stage
sampled. All data from experiment 1 and com-
bined data from experiment 2 were analyzed as a
completely randomized design using analysis of
variance procedures (PROC GLM, SAS Institute
1982). An IX level of 0.05 was used as the level of
significance in all tests, except when stated oth-
erwise in the text. Two samples from each treat-
ment (n = 4) in experiment 1 showed aberrant
acetylene concentrations due to an accidental
leak during the assay or inadequate injection of
acetylene into the jars. These data were subse-
quently removed from the statistical analysis.
Results
Experiment 1. Infestation significantly re-
duced the nitrogen-fixing activity of V4 soybean
(Table 1). Reductions in the nitrogen-fixing ac-
tivity of infested plants coincided with reduc-
tions in the number of large nodules on these
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Table 1. Mean :tSEM nitrogen-fixing (acetylene reduc-
tion) activity (AKA, ,.unol ethylene/h) and nodule specific
activity (NSA, ,.unol ethylene/g dry nodule tissue/h) of
southern corn rootworm-infested and noninfested (con-
trol) V4 soybean
Parameter Control Infested F P > F
ARA 17.97 ± 1.14 14.11 ± 0.87 7.18 0.0153
NSA 63.75 ± 3.50 57.32 ± 4.31 1.35 0.2613
same plants (Table 2). Reductions in the dry
weights of large nodules on infested plants were
significant at the P = 0.10 level but not at the P =
0.05 level. Numbers of small nodules were not
significantly affected by infestation, although in-
fested plants contained a higher dry weight of
small nodules than the control plants (Table 2).
Nodule specific activity (J.lomolethylene per gram
dry nodule per hour) did not differ Significantly
between the control and infested plants (Table
1). Although total dry weight of the plants was
reduced by infestation, early vegetative soybean
responded to infestation by shifting dry matter
partitioning in favor of below-ground tissues
(i.e., above- to below-ground dry weight ratios
decreased) (Table 2). Root tissue percentage of
the total plant dry weight increased while the
stem tissue percentage of total plant dry weight
decreased because of infestation. Infested plants
showed significant reductions in stem and leaf
tissue dry weights as well as leaf area.
Experiment 2. Analysis of variance of the
nitrogen-fixing activity of soybean during early
reproductive growth revealed no significant
overall effect from trials (F = 0.182; df = 1, 8;
P > 0.05), infestation (F = 1.213; df = 1, 8; P >
0.05), or trials by infestation interaction (F =
0.063; df = 1, 8; P> 0.05). However, a significant
linear effect due to plant growth stage (F ==
91.937; df = 1, 8; P < 0.01) and a significant
infestation by plant growth stage interaction was
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Fig. 1. Mean nitrogen-fixing activity (acetylene re-
duction, ~ol ethylenelh) of southern com rootworm-
infested and noninfested (control) soybean at the Rl,
R3, R4, and R5 growth stages (Fehr & Caviness 1977).
Columns represent mean (± SEM) of six measurements
(data from both trials combined) and a total activity of
three plants. Solid bars, control plants; hashed bars,
infested plants.
detected (F = 6.803; df == 1,8; P < 0.05). Plotting
the estimated mean nitrogen-fixing activity of the
infested and control plants over each growth
stage showed that the mean nitrogen-fixing activ-
ity of the infested plants from first bloom (R1) to
the beginning of seed-fill (R5) increased more
slowly than that of the control plants (Fig. 1). A
significant interaction (F = 8.588; df = 1, 8; P <
0.05) between plant growth stage and trial was
also detected and may have been caused by dif-
ferences in the condition of the seed at the time
of planting or slight variations in the experimen-
tal environments between trials.
Infestation caused no measurable differences
in the dry weights of stem or leaf tissues, pods or
Table 2. Mean :tSEM plant tissue dry weights (g dry tissue), plant tissue dry weight pereentages ([g dry tissue/total g
dry tissuel X 100), above-ground to below-ground plant tissue dry weight ratios (AlBratio), leaf area (cm2), and numbers
of small «2 rom diam.) and large (C!:2rom diam.) nodules f•.om plants infested or not infested (control) with southern corn
rootworm larvae and harvested at the V4 growth stage
Parameter" Control Infested F P>F
LeafDWT 0.97 ± 0.05 0.78 ± 0.04 9.04 0.0065
Stem DWT 0.69 ± 0.03 0.50 ± 0.02 22.09 0.0001
Root DWT 0.42 ± 0.02 0.38 ± 0.01 3.74 0.0660
Nod. DWT 0.27 ± 0.02 0.26 ± 0.01 0.77 0.3893
Total DWT 2.36 ± 0.11 1.91 ± 0.07 11.85 0.0023
% leafDWT 41.05 ± 0.58 40.39 ± 0.71 0.53 0.4765
% stem DWT 29.36 ± 0.46 26.27 ± 0.57 18.00 0.0003
% root DWT 17.88± 0.26 19.81 ± 0.31 22.38 0.0001
% nod. DWT 11.71± 0.62 13.53 ± 0.79 3.32 0.0821
AlBratio 2.39 ± 0.07 2.02 ± 0.07 14.51 0.0010
Leaf area 367.71 ± 13.24 306.98 ± 9.31 14.08 0.0005
Small nod. DWT 0.04 ± 0.01 0.06 ± 0.01 5.68 0.0263
Large nod. DWT 0.23 ± 0.02 0.19 ± 0.02 3.13 0.0906
Small nod. no. 106.42± 8.63 108.17± 9.42 0.02 0.8923
Large nod. no. 127.08± 6.53 106.92± 6.76 4.60 0.0433
a DWT = dry weight; nod. = nodules.
October 1992 SCHROEDERETAL.:D. undecimpunctata howardi & SOYBEAN2 FIXATION 1005
Table 3. Mean :tSEM plant tissue dry weights (g dry tissue), plant tissue dry weight percentages ([g dry tissue/total g
dry tissue] x 100), above-ground to below-ground plant tissue dry weight ratios (AlBratio), leaf area (cm2), and numbers
of smaU«2 mm diam.) and large (2:2 mm diam.) nodules from plants infested or not infested (control) with southem corn
rootwonn larvae and harvested at the R3 and RS growth stages
Pammeter" Control Infested F P>F
R3 growth stage
LeafDWT 11.71 ± 0.57 11.95 ± 0.62 0.08 0.7855
Pod DWT 2.48 ± 0.14 2.53 ± 0.17 0.05 0.8315
Stem DWT 8.56 ± 0.66 8.65 ± 0.51 0.01 0.9131
Root OWT 2.69 ± 0.22 2.90 ± 0.24 0.44 0.5233
Nod.OWT 2.63 ± 0.18 3.09 ± 0.13 4.01 0.0731
Total DWT 28.07 ± 1.55 29.09 ± 1.46 0.23 0.6413
%leafDWf 41.81 ± 0.58 41.07 ± 0.68 0.69 0.4241
% pod OWf 8.98 ± 0.76 8.68 ± 0.35 0.13 0.7282
% stem OWT 30.34 ± 0.86 29.69 ± 0.49 0.44 0.5223
% root DWf 9.52 ± 0.34 9.91 ± 0.39 0.56 0.4706
% nod. OWf 9.35 ± 0.15 10.65 ± 0.71 3.29 0.0999
AlB mtio 4.31 ± 0.11 3.88 ± 0.13 6.04 0.0338
Leaf area 3,365.46 ± 94.94 3,409.64 ± 244.59 0.03 0.8744
No. small nod. 152.67 ± 36.75 430.00 ± 69.62 12.41 0.0244
No. large nod. 884.67 ± 57.23 760.67 ± 56.32 3.55 0.1327
R5 growth stage
LeafOWT 14.44 ± 0.72 14.20 ± 0.77 0.05 0.8218
Pod OWT 13.24 ± 1.05 12.92 ± 0.94 0.05 0.8279
Stem OWT 11.11 ± 1.02 11.14 ± 1.14 0.00 0.9875
RootOWT 2.97± 0.27 3.47 ± 0.25 1.88 0.2006
Nod.OWT 5.32 ± 0.58 5.84 ± 0.48 0.48 0.5049
Seed DWf 22.60 ± 7.31 20.82 ± 3.52 0.12 0.7362
TotalOWT 69.67 ± 7.31 68.38 ± 7.04 0.02 0.9013
% leafOWf 21.35 ± 1.22 21.34 ± 1.12 0.00 0.9926
% pod DWf 19.28 ± 0.59 19.22 ± 0.68 0.00 0.9486
% stem OWf 16.06 ± 0.23 16.29 ± 0.17 0.64 0.4433
% root OWT 4.31 ± 0.16 5.16 ± 0.21 10.30 0.0094
% nod. OWT 7.62 ± 0.11 8.65 ± 0.24 14.90 0.0032
% seed OWT 31.38 ± 2.08 29.35 ± 2.15 0.46 0.5119
AlB ratio 4.75 ± 0.15 4.12 ± 0.06 15.78 0.0026
Leaf area 3,684.35 ± 123.69 3,364.58 ± 200.84 1.84 0.2467
No. small nod. 193.33 ± 46.21 905.67 ± 133.86 25.30 0.0073
No. large nod. 989.33 ± 37.21 1,206.67 ± 59.48 9.60 0.0363
a OWT = dry weight; nod. = nodules.
seed, or leaf areas of soybean (Table 3). Simi-
larly, root tissue dry weights did not differ sig-
nificantly between infested and control plants,
although nodule tissue dry weight of all nodules
differed at the P = 0.10 level but not at the P =
0.05 level at the R3 growth stage. Though the
effects of infestation on root or nodule dry
weights were not significant at the P = 0.05 level,
above- to below-ground tissue dry weight ratios
were significantly different between infested
and control plants at the R3 and R5 growth stages
(Table 3). Roots and nodules of infested plants
obtained a greater percentage of the total plant
dry weight than did the roots and nodules of
control plants at the seed-filling (R5) stage (Table
3). Roots infested with southern com rootworm
larvae were visibly more branched (fibrous) than
those of noninfested plants. Also, infested roots
contained many small (=1 mm diam.) out-
growths. These outgrowths were not confirmed
as either newly formed nodules or adventitious
roots; however, many small and large nodules
(evidenced by the presence of leghemoglobin)
were present among the smaller nodule-shaped
outgrowths. Small nodules numbered 2.8- and
4.7-fold greater on infested plants than on control
plants at the R3 and R5 growth stages, respec-
tively (Table 3). Infested plants also contained
greater numbers of large nodules than control
plants at the R5 growth stage. Total number of
nodules on infested plants significantly in-
creased (F = 19.35; df = 1, 4; P = 0.0117) be-
tween the R3 and R5 growth stages. Changes in
the total nodule numbers on the control plants
between the two growth stages were significant
at the P = 0.10 level but not at the P = 0.05 level
(F = 5.345; df = 1, 4; P = 0.0819).
Discussion
Both vegetative and reproductive soybean re-
sponded to infestation by shifting dry matter ac-
cumulation in favor of below-ground plant tis-
sues. Changes in plant growth were primarily
exhibited by an inhibition of shoot growth and
leaf area expansion in vegetative soybean and a
stimulation of lateral root growth and nodulation
in reproductive soybean. Root feeding by south-
ern com rootworm larvae reduced the nitrogen-
fixingactivity of soybean and may have restricted
nitrogen assimilation by the plants.
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Insect injury to soybean roots and nodules may
alter normal plant growth and function. These
changes are undoubtedly complex and may re-
sult from either the direct or indirect effects of
arthropod feeding and/or activity. Injuries
caused by insects to the roots and nodules of
soybean may interact with other abiotic and bi-
otic stresses that influence the Bradyrhizobiurn
japonicurn/soybean symbiosis or alter endoge-
nous plant hormone levels and activity. The abil-
ity of soybean to recover from insect injury may
depend largely on the availability of alternate
sources of nitrogen. The effect of insect-induced
root injury on the ability of soybean to obtain
nitrogen in the field has not been studied. The
increased branching of roots on infested plants
may allow these plants to better acquire nutri-
ents, including free nitrogen, from the soil. Ad-
ditional or more detailed research is needed to
clarify the effects of soil insects on the nodula-
tion and nitrogen-fixing processes in soybean
and the ultimate effect on soybean yield.
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